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Abstract 
Theoretical performance analysis of a split reaction water turbine for ultra-low head hydro resource is presented in this paper. The spilt 
reaction water turbine has shown good potential to be used for low head micro hydro-electric installations. The main advantage of this 
turbine is its simplicity to manufacture and reasonable energy conversion efficiency of about 65-70% (hydro to mechanical energy). 
Theoretical investigation has also shown a simple reaction water turbine would perform better when it spins faster. And for the simple 
reaction water turbine to spin faster under constant water head, its diameter should be smaller. This paper reports on a performance 
analysis based on the experimental data collected from different performance tests carried out on two simple reaction water turbine 
prototypes. Further parametric analysis of split reaction water turbine has been discussed in relation to the supply head, turbine diameter 
and its rotational speed. Finally this paper investigates the power production potential of an ultra-low head hydro site on a vine farm in 
Taggerty, Victoria, Australia. The methods used for hydro site survey are briefly discussed with the survey results over the driest period 
of the year. Optimum layout design of hydro system for this site is presented with the estimations of the maximum net head that is 
available for power production. 
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1. Introduction 
It has been long recognized the importance of renewable energy for stability of global environment. Sun, wind and 
flowing or stored hydro (water) are considered the most common renewable energy sources for power generation. Out of 
these three renewable energy resources, the advantage of hydro energy is that it can continuously supply energy and can 
serve as a base power. The annual global hydropower production is very small as compared to the global power 
consumption. However the technically exploitable hydro power potential available throughout the world is far more than is 
actually been used as illustrated by the data from Sterngerg, Kaygusz and Taylor [1-3].  The world hydro power scenario 
show that the technically exploitable potential of hydro energy is about 14000 TWh/year and the economically exploitable 
potential is about 8000 TWh/year, whereas the present global hydro power generation stands at 2800 TWh/year [2, 4].  
Looking at the above estimates it is clear that there is a large potential of hydropower waiting to be exploited. Further 
there is a large gap between technically exploitable and economically exploitable potential [3, 5] which creates a need for 
 
* Corresponding author  
E-mail address: e59763@ems.rmit.edu.au 
Available online at www.sciencedirect.com
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the International Energy Foundation
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
198   Abhijit Date et al. /  Procedia Engineering  49 ( 2012 )  197 – 204 
further research in hydropower technology to make it more economic and help to reduce this gap. To date most of the large 
hydropower sites have been exploited [6, 7]. However, most of the small and micro hydro sites are yet to be exploited. 
Thus keeping in mind that the world currently is still heavily dependent on non-renewable energy sources (fossil fuels) 
such as coal, oil and natural gases, which are rapidly diminishing and becoming increasingly more expensive, the role of 
renewable energy has been recognized to be significantly important in sustainable future development. Hydropower is a 
good example of renewable energy; its present use and potential application to future power generation cannot be 
underestimated. 
The findings reported in this paper are based on the theoretical and experimental investigations previously reported by 
Date and Akbarzadeh [2].  
The feasibility study of a potential hydro site involves hydrology study, design of system layout, design of turbine, 
generator selection, design of energy storage system and economic analysis. The ultra-low head hydro site under study is 
located approximately 110km North East of Melbourne, Australia. There is no grid connection available at the property; the 
nearest grid location is about 1.5km away. The property owner has obtained a cost estimate to get their property grid 
16kWh, out of which about 4-5kWh is required for pumping water from a creek on the farm to the storage pond on the farm.  
 
Fig. 1.  
The property is spread over 160 acres with a small farm and a medium size creek that flows along the east boundary as 
shown in Fig. 1. The water required for the farm and household use is pumped from the creek and stored in a shallow 
storage pond on the farm. At present petrol engine (power 5HP~ 3.7kW) driven water pump is used to pump the water from 
the creek and deliver it to the pond which is 5m above the level of the creek and 500m away from the creek.. The current 
delivery pipe from the creek to the storage pond is a 75mm (3 inch) diameter PVC pipe. The storage pond has around 300m² 
of surface area and is 0.5-1m deep, during cultivation period of the year the daily water requirement of farm about 75m³.  
2. Hydrology study 
level (dumpy level) was used for measurement of the slope in the creek. The measured head was 3m over a 300m distance 
and that was not suitable for bucket method [8]. The first flow measurement was recorded on 10th November 07. This was 
followed by alternate week measurement of the flow taken by the property owners till the last measurement taken on 26th 
January 08. The average flow was measured to be 63 litres per second as shown in Table 1.   
199 Abhijit Date et al. /  Procedia Engineering  49 ( 2012 )  197 – 204 
Table 1. Flow measurement data with float method (Site1, Taggerty) 
Flow measurement 
Date (dd/mm/yy) 
Stream 
length  
(m) 
Average time for float 
to travel stream length 
(sec) 
Average 
stream velocity 
(m/s) 
Average cross-
section area over 
stream length (m²) 
Volume 
flow rate 
(m³/sec) 
Volume 
flow rate 
(l/sec) 
10-Nov-07 10 31.62 0.316 0.213 0.0674 67 
24-Nov-07 10 32.58 0.307 0.213 0.0654 65 
8-Dec-07 10 34.13 0.293 0.213 0.0625 62 
22-Dec-07 10 35.25 0.284 0.213 0.0605 60 
12-Jan-08 10 36.44 0.274 0.213 0.0585 59 
26-Jan-08 10 34.68 0.288 0.213 0.0615 61 
Average flow rate over driest period of the year (l/s)  63 
3. Hydro system layout 
Water from the creek would be captured via small stone weir. Fig. 2 shows the proposed location for the weir. The 
captured water would then be carried to the low head hydroelectric unit located on the dry land 150m down the stream via 
0.15m diameter PVC pipe (see Fig. 3). The 150mm diameter PVC pipe was selected based on the cost and dynamic head 
loss estimations. The used water from the turbine will then be discharged back into the creek. The stone wall will be 
constructed from natural materials (i.e. stones, boulders and mud) thereby ensuring that the water which is not used for the 
hydro scheme will continue to flow through the weir. Only 50% of total flow will be used for the hydro scheme, which 
would be about 30L/s. The net head available at the hydro unit is estimated taking into account the dynamic head loss in the 
intake water pipe and the gross head available as shown in Table 2 and Table 3 [9, 10].  
It can be seen from Table 3 that estimated net available head at the intake to the hydroelectric unit is 1.35m for a flow of 
30 L/s. So the estimated potential hydro power is equal to 397 W. Assuming the energy conversation efficiency from hydro 
to electrical to be 50%, the estimated electrical power produced will be 198 W; i.e. 4.76kWh of daily energy production 
capacity.  
As the nearest grid is 1.5km away a standalone system should be used with a 5kWh energy storage capacity in a 48V DC 
battery bank. Two methods can be used to charge the battery bank, first is with battery charger, i.e. indirect connection, and 
second is with direct coupling of the hydroelectric unit to the battery bank [11]. The first option is more expensive and has 
its own limitations and disadvantages. While the second option is cheap but requires proper selection of DC generator and 
optimum turbine speed. A DC motor (Manufacturer: Baldor) with a rated DC voltage of 180V at 1750rpm can be used as a 
DC generator. Such an electric DC machine has a linear voltage to rotational speed characteristics, i.e. a 50 to 54V DC can 
be generated if the optimum rotational speed of the turbine is within at 500rpm to 525rpm. This voltage range of 50V to 54V 
is suitable for direct charging of 48V DC battery bank. 
Table 2. Gross head estimations 
Intake pipe diameter 
(mm) 
Intake pipe length 
LP (m) 
Terrain down slope 
(  
Height of the stone weir 
HW (m) 
Gross head available HG 
(m)  
150 150 0.01 0.6 2.1 
Table 3. Net head estimations 
Intake volume 
flow rate (l/s) 
Flow velocity in 
Intake pipe (m/s) 
Reynolds 
number 
friction 
factor 
Dynamic head loss in 
Intake pipe HDL  (m) 
Net available head HN 
(m)   (HG HDL) 
28 1.59 237317.30 0.00516 0.661 1.44 
30 1.70 254268.53 0.00510 0.750 1.35 
32 1.81 271219.77 0.00505 0.844 1.26 
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Fig. 2. Proposed location of the weir in the creek (Taggerty, Victoria) 
 
Fig. 3. Proposed split reaction water turbine low head hydro-electric unit 
4. Split reaction turbine design 
For a given angular speed ( ) and constant operating head (H) there is only one rotor diameter for which the turbine 
would have highest efficiency. Optimum diameter (Dopt) is independent of power; it only depends on head, angular speed 
and k-factor (k) [12] . 
112
k
kgHDopt
 (1) 
 
A net head of 1.35m and flow rate of 30L/s is selected from Table 3 for the design of the split reaction turbine. The 
assumptions made in the split reaction turbine design are, density of water equals to 1000kg/m³, gravitational acceleration 
(g) equals to 9.81m/s², turbine optimum speed equals to 525rpm (55 rad/sec) and a conservative value of k-factor to be 0.1 
based on the experimental test results [13]. The optimum turbine diameter is calculated using equation 1 and the total exit 
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nozzle area can be calculated using the relation between the relative velocity, volume flow rate and exit nozzle area. Choice 
of two exit nozzles is made for this turbine, so the area of each nozzle would be half the total exit nozzle area. The choice of 
rectangular shape is made for exit nozzles with the exit nozzle height selected as 0.2m and so the exit nozzle width would be 
equal to the area for one nozzle divided by the exit nozzle height as shown in Table 4.    
Table 4. Optimum diameter and exit nozzle dimension estimation 
Net available 
head  HN (m) 
Available 
flow rate 
(l/s) 
Turbine     
k-factor 
Turbine 
operational 
angular speed 
(rad/s)/(rpm) 
Optimum 
turbine 
diameter  
(m) 
Total 
exit 
nozzle 
area (m²) 
Number 
of 
nozzles 
Each exit 
nozzle 
height (m) 
Each exit 
nozzle 
width  (m) 
1.44 28 0.1 55 / 525 0.208 0.0038 2 0.2 0.0094 
1.35 30 0.1 55 / 525 0.201 0.0042 2 0.2 0.0104 
1.26 32 0.1 55 / 525 0.195 0.0046 2 0.2 0.0115 
For a simple reaction turbine there is a certain rotational speed before which there is no interference between rotor nozzle 
and jet, which can be called as non-interference speed [12]. So as the rotor rotates at this speed, the point C as shown in Fig. 
4 on the rotor intersects the jet at point B. The equation for the maximum angular speed before interference happens is given 
below, where R (m) is the radius of the turbine, t (m) is the turbine wall thickness, w (m) is the exit nozzle width,  (m) is 
the sum of turbine wall thickness and exit nozzle width, Va (m/s) the absolute velocity of the water leaving the turbine,  is 
the angle between two consecutive nozzles (   two nozzle turbine) and  (rad/s) is the angular speed of the turbine.  
R
R
RArcCos
Va 2
 (2) 
The jet interference speed of the turbine with optimum diameter of 0.201m and exit nozzle width of 0.0104m should 
always be greater than the turbine operational speed and it is calculated using equations as discussed by Date A. [12]. It can 
be seen from Table 5 that for a jet exit angle of  = 0° and turbine wall thickness of 6mm (standard wall thickness of Ø150-
250mm, Sch. 20 PVC pressure pipe), the jet interference speed is greater than the turbine operational speed; this is desired 
for optimum turbine operation.  
 
Fig. 4. Phenomenon of jet interference 
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Table 5. Non-interference speed check 
Net available 
head (m)  HN 
Optimum turbine 
diameter (m) 
Turbine k-
factor  
Exit nozzle 
width (m) w 
Turbine operational 
speed (rad/s) 
Jet Interference speed 
(rad/s)  int   
1.44 0.208 0.1 0.0094 55 62.81 
1.35 0.201 0.1 0.0104 55 61.37 
1.26 0.195 0.1 0.0115 55 59.89 
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Fig. 5. Estimated performance curves for optimized split reaction water turbine 
Fig. 5 and Table 6 show the turbine estimated performance for the net available head of 1.35m and the turbine diameter 
equal to 0.201m, this information is used for final selection of a D.C. generator. 
Table 6. Turbine power and efficiency estimation 
Net available 
head   HN (m) 
Available 
flow rate (l/s) 
Turbine 
 k-factor 
Turbine angular 
speed  (rad/s) 
Optimum 
turbine dia (m) 
Turbine 
power  
(W) 
Turbine 
efficiency 
(%) 
1.44 28 0.1 55 0.208 276.28 69.85% 
1.35 30 0.1 55 0.201 277.51 69.85% 
1.26 32 0.1 55 0.195 276.28 69.85% 
Table 7. Baldor motor selection chart 
Catalogue 
Model  
Number 
Motor 
kW 
Base 
rpm 
Arm 
Volt 
(V) 
Arm 
Full 
Load 
Amps 
Voltage 
constant 
Kv (V/rad/sec) 
Full load 
efficiency 
List Price $A 
(2009) 
NEMA 
Frame 
CDP3306 0.18 1750 180 1.25 0.98 83% 440 56C 
CDP3316 0.25 1750 180 1.6 0.98 84% 502 56C 
CDP3326 0.37 1750 180 2.5 0.98 87% 567 56C 
CDP3436 0.56 1750 180 3.8 0.98 88% 684 56C 
Baldor Permanent Magnet D.C. motor model number CDP3436 (0.56kW) is selected from the Baldor selection chart as 
shown in ration of 4.99kWh.  . Model CDP3436 (0.56kW) is selected over model CDP3326 (0.37kW) because the full load 
current of this model is high, it will protect the armature from overheat damage when operating at lower voltage than rated 
(i.e. at low rpm then rated rpm). From Table 7 and Table 8 it can be seen that when the DC generator is producing 208W of 
electrical power at 55rad/s, the generator output voltage would be around 54 V  (Voltage constant Kv = 0.9) and the 
generator output current would be about 3.85 amps which is very close to the full load armature current for model 
CDP3436. 
The generator output voltage of 54V is a good charging voltage for a 48V battery bank. With a blocking diode connected 
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in between the DC generator and the batteries, discharge of energy from the battery into the generator can be prevented. This 
protection would be useful when voltage drops below 48V; voltage may decrease if available head drops due to some 
blockage at the entrance of intake pipe. A battery bank of four 12V, 115Ah batteries connected in parallel would have 
energy storage capacity of 5.5kWh, which is sufficient for this particular site with a daily energy generation of 4.99kWh.   
Table 8. Electrical output from Baldor DC motor CDP343 
Turbine 
power 
(Watts) 
D.C. generator 
efficiency @ 50% 
of full load (%) 
Electrical power 
output (Watts) 
@55rad/s 
DC Generator output 
 voltage (Volts) 
DC Generator 
output  current 
(Amps)  
Daily electrical  
energy output  
(kWh) 
276.28 75% 207.21 54 3.84 4.973 
277.51 75% 208.13 54 3.85 4.995 
276.28 75% 207.21 54 3.84 4.973 
5. Selection of DC water pump 
Peak daily water requirement of the farm on this site is 75m³. The shortest distance from the creek to the storage pond is 
about 500m with an up slope of about 0.01m/m; it means that a water pump with a minimum delivery head of 5m is 
required. A DC water pump that can deliver 75m³/day (i.e. 3.125m³/hr over 24hrs) with total energy consumption no more 
than 4.7kWh is required for this site. Table 9 and Table 10 show the estimated gross delivery head required to pump 
3.125m³/hr (i.e. 75m3/day) through a presently installed 75mm (3 inch) diameter delivery pipe. It can be seen that the gross 
delivery head of 5.12m is required to deliver water with a flow rate of 3.125m³/hr.  
Table 9. Storage pond water supply system 
Delivery pipe 
diameter (inch/mm) 
Delivery pipe 
length (m) 
Terrain up 
slope  
Daily water 
requirement (m³)  
Daily pump 
operation time  (hrs) 
Volume flow 
rate (m³/hr) 
3 / 75 500 0.01 75 24 3.125 
A 48V DC water pump by Conergy (Model 7442) can deliver 3.2 m³/hr to a delivery head of 5.5m, with power 
consumption of 182W (i.e. 4.37kWh of energy required to pump 75m³ in 24hrs). On an average this hydroelectric 
installation will produce 1.59MWh/year.  
Table 10. Delivery head requirement of water pump 
Water velocity (m/s) @ 
30kg/s through 75mm 
diameter pipe 
Reynolds 
number 
friction 
factor 
Dynamic head loss 
(m) HD 
Static head loss 
(m) HS 
Gross delivery head 
required (m)   HD + HS 
0.196 14714.62 0.0086 0.113 5 5.113 
6. Costing of the hydro-electric installation 
The PVC pipe that will carry the water from the creek to the hydroelectric unit will have diameter of 150mm and length 
of 150m. The cost of this PVC pipe is $24 per meter making the total material cost of the pipe to be $3502. 
Table 11. Cost of intake pipe 
Pipe cost $/m Pipe Diameter (mm) Pipe length (m) Total pipe cost 
24 150 150 $3600 
The selected Baldor DC motor which may be used as a generator, costs $684 and the cost to build the split reaction turbine 
and the support is about $250. 
Table 12. Cost of DC generator and turbine with support 
Generator type Generator Model Generator cost Cost of turbine + support  
D.C. CDP3436 $684 $250 
 
The total material cost for this hydroelectric set-up comes out to be $4534. The labor cost to install such a system is 
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considered to be 100% of the material cost. So the total cost of to install this system will be $9068. The labor cost can be 
reduced if the installation was carried out by the owner of the property. 
Table 13. Total cost of the hydro-electric installation 
Total Material cost Pipe + Generator + 
Turbine Labor cost 100% of material cost 
Total Cost 
$4534 $4534 $9068 
7. Payback and emission reduction 
At present a petrol engine driven water pump is used to pump 75m3/day of water. The engine pump consumes about 1.5 
liters fuel (petrol) every day. At present the fuel cost is $1.3/liter so the daily cost to run the pump is about $1.95/day. If the 
hydroelectric system is installed the savings will be about $1.95/day or $700/year and so the simple payback period will be 
about 13 years [14]. Based on the total energy production capacity of the proposed hydroelectric system and the guideline 
given in the IEA report [15] the total amount of CO2 emission reduction would be 1.35 tons/year. 
8. Conclusion  
The above analysis shows that the simple reaction water turbine with small diameter can efficiently produce power without 
having to be large and bulky. From the case study it could be said that sufficient amount of power can be produced from the 
low head hydro resource available, which can in turn supply energy required for pumping 75m³/day of water. So the present 
petrol engine water pump can be replaced with the DC electric water pump powered by hydroelectric unit. The most 
expensive parts of the installation appeared to be the intake pipe and labor. The simple payback period has been estimated to 
be about 13 years. This feasibility study shows that standalone power generation from ultra-low head hydro sources needs to 
be further utilized in Victoria, Australia.  
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